The role of phosphorylation of the μ-opioid receptor (MOR) in desensitization, 15 internalization and long-term tolerance was examined in locus coeruleus (LC) 16
Introduction 29
Considerable effort has been aimed at characterizing the mechanisms that 30 underlie acute µ-opioid receptor (MOR) dependent desensitization and cellular 31 tolerance (Williams et al., 2013). One key step thought to be important in these 32 processes is the phosphorylation of sites on the cytoplasmic loops and C-terminal 33 tail following receptor activation. On the C-terminal tail of the MOR there are 11 34 possible phosphorylation sites. Two specific cassettes, amino acid residues 354 to 35
MOR expression 74
Microinjections of adeno-associated virus type 2 containing either the exWT or 75 TPD receptors were made bilaterally into the LC and after 2-4 weeks the GFP 76 tagged MORs were visualized with an Olympus macroview microscope ( Figure  77 2A). Images obtained with a 2-photon microscope showed green fluorescence on 78 the plasma membrane and in the cytoplasm of LC neurons. Plasma membrane 79 receptors were selectively targeted and labeled using an anti-GFP nanobody 80 conjugated to Alexa594 dye ( Figure 2B-D) . There was no labeling of cells from 81 animals that did not express GFP tagged MORs (Figure 2E ,F). 82 83 Electrophysiology of the virally expressed receptors 84
Recordings were made from slices from animals 2-4 weeks following viral 85 microinjection. Whole-cell voltage clamp or intracellular membrane potential 86 recordings were made from LC neurons. In each case, application of 87 [Met 5 ]enkephalin (ME, 300 nM, an EC50 concentration in slices from wild type 88 animals) was used as an estimate of the level of receptor expression. Cells where 89 the outward current or hyperpolarization induced by this application was either 90 very large or small were not included in the study. 91
The kinetics of receptor-dependent activation of G protein-gated inwardly 92 rectifying potassium (GIRK) conductance was examined with the photolysis of 93 caged-enkephalin (CYLE) using whole-cell recordings in the voltage clamp 94 configuration ( Figure 3 ). The rate of activation (10-90%, exWT 238±33 ms, n=9, 95 TPD 265±39 ms, n=19) and the time to the peak of the outward current (exWT 96 1.78±0.12 s, n=12, TPD 2.05±0.20, n=18) were the same between exWT and TPD 97 and similar to those from experiments made from cells expressing wild type 98 receptors ( Figure 3 ). Likewise the return to baseline following photolysis of the 99 caged antagonist naloxone (CNV-Nal) in the presence of ME (1 µM) was not 100 different in recordings made from the two receptors (exWT 1.57±0.08 s, n=7, 101 TPD 1.53±0.15, n=6, p>0.05). When the high affinity agonist endomorphin-1 (100 nM) was used, the time constant of CNV-Nal-induced inactivation in exWT 103 receptors (4.06±0.41 s, n=8) was not significantly different from that measured 104 with TPD receptors (5.37±0.59 s, n=10, p>0.05). The current amplitudes induced 105 by endomorphin-1 (290±37 pA in exWT and 255±44 pA in TPD) were also 106 similar (p>0.05). Thus, in spite of the multiple mutations along the C-terminus 107 and the presence of GFP at the N-terminus, the acute signaling of virally 108 expressed TPD and exWT receptors was not significantly different compared to 109 receptors from wild type animals. 110 111 Desensitization 112
Acute receptor desensitization was compared in slices from animals injected with 113 either exWT or TPD receptors. Two measures of desensitization were made, the 114 decrease in the peak (hyperpolarization for intracellular recordings or current for 115 whole-cell recordings) during the application of a saturating concentration of ME 116 (30 µM, 10 min) and the relative decrease in response to an EC50 concentration 117 of ME (300 nM) following the washout of the saturating concentration of ME 118 ( Figure 4 , S4). The results from experiments with exWT receptors were similar to 119 results from wild type animals that have been published previously. During the 120 application of ME (30 µM) the membrane potential hyperpolarization measured 121 with intracellular recording declined to 75±5% of the peak (n=6). The current 122 measured under voltage clamp with whole-cell recording declined to 54±4% of 123 the peak (n=12). Following the washout of saturating ME (30 µM), the 124 hyperpolarization induced by EC50 ME (300 nM) was reduced to 30±2% (n=5) 125 and the current to 23±5% (n=10) of the pre-desensitization response. Following a 126 20-30 min wash of ME (30 µM) the application of ME (300 nM) approached the 127 pre-desensitization control with whole cell voltage clamp or intracellular 128
recordings. 129
The results obtained with the TPD receptors were significantly different. With 130 intracellular recordings, the hyperpolarization was reduced to 94±1% (n=7, p=0.003) in whole cell recordings. Likewise there was only a small decrease in 133 the response to ME (300 nM) following washout of the saturating concentration 134 of ME (76±4%, n=5, p=0.0001 in intracellular recording and 81±9% of pre-135 desensitization, n=11, p=0.0005 in voltage clamp phorbol 12-myristate 13-acetate increased the decline from the peak 146 hyperpolarization during the application of ME (30 µM, 10 min) and caused a 147 small reduction of the hyperpolarization induced by ME (300 nM). Muscarine, 148 thought to activate PKC by a Gq-dependent mechanism, also induced a large 149 increase in apparent desensitization . In intracellular 150 recordings from both exWT and TPD receptors, muscarine facilitated the 151 desensitization induced by ME (30 µM, Figure 5 ). In the presence of muscarine, 152 the initial amplitude of the hyperpolarization induced by ME (300 nM) decreased 153 by 43±8% in experiments from exWT, n=5 and by 49±8% from TPD, n=6. The 154 decline from the peak hyperpolarization induced by ME (30 µM, 10 min) was also 155 facilitated ( Figure 5 ). Although the decline from the peak in experiments 156 examining the TPD receptors was small, it was over double that measured in the PKC induced by muscarine acts by a mechanism that is independent of 163 phosphorylation of the C-terminal of MOR. 164
165
Receptor trafficking -acutely and following chronic morphine treatment 166
Receptor internalization was studied by immuno-labeling the extracellular N-167 terminal GFP of plasma membrane-associated exWT and TPD receptors. Living 168 slices were incubated in an anti-GFP nanobody-Alexa594 for 30-45 min, placed 169 in a superfusion chamber and visualized with 2-photon microscopy ( Figure 6 ). 170
Labeled receptors were imaged before the application of a saturating 171 concentration of ME (30 µM, 10 min) and at the end of the 10 min application. 172
Similar to a previous study in mouse LC neurons (Arttamangkul et al., 2008) , 173 this treatment induced the internalization of exWT receptors ( Figure 6A One possibility is that chronic morphine treatment may result in the modulation 184 the trafficking pathway of expressed exWT and TPD receptors. Animals were 185 microinjected with virus to express either exWT or TPD and after 7-10 days 186 treated chronically with morphine (80 mg/kg/day) using osmotic mini pumps. 187
After 6 or 7 days brain slices were prepared in morphine-free solutions and slices 188 were prepared for 2-photon imaging. As expected, exWT receptors were 189 internalized in slices from morphine treated animals (49±6%, n=4, Figure In whole-cell voltage clamp experiments using slices from morphine treated 197 animals that expressed exWT receptors, a saturating concentration of ME (30 198 µM) resulted in an outward current that peaked and declined to 41±2% (n=8) of 199 the peak. The current induced by a subsequent application of ME (300 nM) was 200 significantly depressed relative to the control ( Figure 7B ). Unlike the results 201 obtained in slices from untreated animals, the current induced by ME (300 nM) 202 never recovered completely over a period of 20-30 min after washout of the 203 saturating concentration. Thus as has been reported previously in experiments 204
using wild type animals that were chronically treated with morphine, 205 desensitization was augmented and the recovery from desensitization was 206
reduced. 207
In experiments from morphine treated animals expressing the TPD receptor, 208 there was no significant change in any measure of opioid action. The decline from 209 the peak current induced by a saturating concentration of ME (30 µM 10 min) 210 was 83±4% in TPD (n=8) and not different from experiments in slices taken from 211 untreated animals (80±2%, n=13, p>0.05, unpaired T-test). The current induced 212 by ME (300 nM) following washout of the ME (30 µM) solution was also not 213 different from slices of untreated animals ( Figure 7C ). 214
Finally, the initial rise in current induced by photolysis of CYLE was not different 215 in slices from untreated and morphine treated animals (10-90% rise time of the 216 first flash, untreated exWT 255±35 ms (n=10), TPD 219±32 ms (n=14); morphine 217 treated exWT 201±21 ms (n=10), TPD 211±23 (n=10). Thus the rising phase of 218 the current was not changed following chronic morphine treatment. Another 219 measure of desensitization was examined in slices from morphine treated 220 animals using photolysis of caged-enkephalin ( Figure 8 ). The peak current and after a longer 100 ms flash. In experiments from exWT expressing cells the 223 amplitude of the current declined significantly by the 5 th flash. Following the long 224 flash, there was a step decrease in the peak current measured in the exWT 225 receptors ( Figure 8C ). Likewise the rise time was significantly slowed ( Figure  226 8D). In contrast, the long flash did not alter the peak amplitude or activation rate 227 of the 10 ms flash-induced currents in recordings from cells expressing TPD 228 receptors. Thus, the normalized peak currents and activation rates following the 229 long flash were significantly different between exWT and TPD receptors further 230 indicating that TPD receptors display little to no desensitization even in slices 231 from morphine treated animals. The present work addresses one mechanism that underlies the development of 330 long-term tolerance to morphine. Phosphorylation of the C-terminal of the MOR 331 has been shown to be a key step in the mechanism of acute desensitization. by application of different concentrations of ME. In this experiment ME (0.1 µM) 623 was tested before and following the application of ME (30 µM, 10 min). The 624 current induced by ME (30 µM) peaked and declined during the 10 min 625 application and following the washout the current induced by ME (0.1 µM) was 626 reduced and recovered slowly. B, the same experiment carried out with a neuron 627 expressing the TPD receptor. The decline in the current induced by ME (30 µM) over 10 min was smaller than that in the exWT experiment and the decrease in 629 the current induced by ME (0.3 µM) was also largely eliminated. 630 that did not change with time. There were no difference between the recoveries 689 from the untreated and morphine treated animals at any points (P>0.3, ANOVA 690 Bonferroni). 
